An efficient method for the design of low-delay two-channel, perfect reconstruction IIR filter banks is proposed. The design problem is formulated in terms of minimax designs of a general stable IIR filter that can be obtained using semidefinite programming and an FIR filter that can be obtained using the Remez exchange algorithm. A multiplierless implementation on this filter bank is also proposed and investigated.
INTRODUCTION
Low system delay is often desired for filter banks used in subband coding, subband adaptive filtering, and many other applications 11-31. An interesting problem formulation that can be used for the design of low-delay filter banks was proposed by Kim and Ansari in [4] and developed further by Phoong, Kim, Vaidyanathan, and Ansari in [5] . This formulation entails two independent functions of :, a ( : ) and 3 (:) . that can be chosen to satisfy specified frequency-domain requirements while maintaining the perfect reconstruction property (PR). More recent work on this type of filter banh includes the method in [6] where a ( ; ) and a(;) are rational functions of : that represent IIR filters and the method in [7] where both a(-) and d ( : ) are polynomials in ;-l that represent nonlinear-phase FIR filters. In this paper, we use the formulation in [4] [5] to design low-delay filter banks but chose a ( z ) to be a polynomial in :-' that represents a linear-phase FIR filter and 3(,) to be a rational function of z that represents an IIR filter. Thus a ( ; ) can be obtained by designing the FIR filter using the Remez exchange algorithm whereas 3(:) can be obtained by designing the corresponding IIR filter by using semidefinite programming (SDP). Computer simulations demonstrate that the proposed method yields satisfactory designs in terms of transition width, stopband attenuation, and implementation complexity compared with several existing methods. A multiplierless implementation of such IIR filter bank is also proposed.
DESIGN OF IIR ANALYSIS FILTER BANK

Lowpass Analysis Filter
Consider the 2-channel biorthogonal maximally decimated filter bank shown in Fig. 1 and passband group delay 2N [5] . 
1=0
By formulating an error function and minimizing it using SDP, a(=) can be determined. Assuming that the sampling frequency is 
Highpass Analysis Filter
Now let us examine the design of the analysis highpass filter H I .
If function a(-) is assumed to be the transfer function of a linearphase FIR filter of even length of the form a ( : ) = we can define the error function for the analysis highpass filter H1 as
where 
By setting OlEl (i.)('/OP, to zero, we obtain the Chebyshev polynomial P,(cos(2w)) that minimizes IEl(w)J' as
lA(w)l-cosw 
Selection of Design Parameters
We now describe some simple guidelines for the selection of parameters N, n, h1, and N, for given design specifications. If filter Ho were a linear-phase half-band FIR filter. its length could be predicted by using a formula due to Herrmann et al. On the other hand, the values A f = 3N -1 and ]Ya = ahi lead to a highpass analysis filter HI whose frequency performance is comparable with that of the lowpass analysis filter Ho. In doing so, a good overall performance of the filter bank can be obtained.
A CASE STUDY
Design of a Filter Bank with Continuous Coefficients
We have applied the design method proposed in Section 2 to design an IIR filter bank with thc following specifications: b,, = Table I , where Ad = dP -w, is the width of transition band for both Ho and H I , and 6,". 6,, are the stopband attenuations of filters Ho and H I , respectively. It is observed that the IIR filter bank designed by the proposed method outperforms the other methods in that it yields a narrower transition width and improved stopband attenuation. With regard to the implementation complexity, the allpass function of order 8 is implemented with 8 multipliers and 24 adders [2], the IIR function L?(z) is realized in terms of a 10-stage lattice and ladder structure [ 1 I] , and the linear-phase FIR a(;) is implemented using the direct form [12]. It is noted that the proposed method requires less multiplications and additions (at the original sampling rate) compared to the method in [7] but is not as economical as the methods in [4] and [ 141.
Multiplierless Implementation of the Filter Bank
It is advantageous to implement a filter bank without multiplications. A commonly used approach is to employ individual filters with coefficients that can be expressed as sums of a small number of power-of-two terms. In this way the filters can be implemented in terms of additions of shifted versions of the input. In what follows, we call such filter banks as filter banks with sum-of-powerof-two (SP2) coefficients. Optimal implementation of filter banks with SP2 coefficients can be achieved by using techniques such as simulated annealing or genetic algorithms but these methods require a large amount of computation. The approach we take here c' an be described as follows. First we design a filter bank with continuous coefficients. Next we assign a certain number of bits for each coefficient based on its magnitude, and determine its lower and upper SP2 bounds. For the filter bank designed in Section 3.1 there were 21 coefficients in a(:), five of which were very small in magnitude and were not sensitive to quantization; these were fixed to their nearest SP2 values. Then through an exhaustive search we selected either the upper bound or the lower bound for each of the I6 remaining coefficients such that the objective function is minimized. In (1 I ) Hqk(w) for k = 0 , l are the frequency responses with the coefficients quantized and Hk (4) for k = 0 , l are the corresponding desired frequency responses. For the linearphase FIR transfer function a(;), there were 16 coefficients that needed to be quantized to their SP2 values, and the exhaustive search was also performed as for transfer function b' (2) . The search for the optimal SP2 coefficients for C l ( ; ) and a ( ; ) , which involved the selection of the optimal combination out of 2" combinations in each case, was carried out on a Pentium I1 400 MHz PC. The resulting magnitude responses of the multiplierless 2-channel IIR filter bank are depicted in Fig. 2(d) . The average number of power-of-two terms used was 2.9. It is observed that the filter bank with SP2 coefficients still offers more than 50 dB stopband attenuation. 
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